Introduction
A proton exchange membrane ͑PEM͒ fuel cell is a device capable of generating electricity directly by means of two electrochemical reactions, which take place at the proton exchange membrane/catalyst interface at low temperatures ͑Ͻ80°C͒ as shown in Fig. 1 . The platinum catalyst allows the hydrogen molecules to dissociate into protons ͑H + ͒ and electrons at a maximum theoretical potential of 1.4 V across the cell. The proton exchange membrane passes the H + ions but severely limits the flow of electrons. The electrons instead flow through the external circuit producing useful electrical current. At the cathode, the protons and electrons recombine with O 2 to form H 2 O. Water is the only byproduct of a PEM fuel cell operating with hydrogen. A bipolar plate serves to separate the individual cells and electrically connect them in series in a fuel cell stack; thus, it must be electrically conductive, but it should not allow diffusion of hydrogen. The bipolar plate also contains gas channels for introducing the reactant gases to the porous electrodes and removing the products and inerts.
The membrane electrode assembly ͑MEA͒ of a PEM fuel cell requires controlled levels of hydration for proper operation. For example, the protonic conductivity of the most common proton exchange membrane ͑Nafion©͒ forming part of the MEA has been shown to change by an order of magnitude by varying relative humidity between 35 and 85% ͓1͔. Therefore, one of the major challenges in the operation of PEM fuel cells is the control of water transport to prevent extreme conditions of flooding due to condensation on the cathode side or membrane drying due to evaporation in the reactant stream and electro-osmotic drag from anode to the cathode ͓2,3͔. Either condition limits the rate of reaction and increases the cell resistance. The water concentration on the anode side of the MEA is primarily controlled by the humidity of the incoming hydrogen stream whereas the cathode side is affected by the humidity of the incoming oxygen stream, the water production by electro-chemical reaction and electro-osmotic drag. At high current densities, water transport is dominated by electro-osmotic drag such that variations through the cell in current density can yield variations in water content. Accurate, fast, in situ measurements of water concentration would enable both better understanding of water transport for improved cell design and advanced control strategies.
Gas-phase diagnostics in PEM fuel cell systems have typically involved global measurements of the system performance using Fourier transform infrared ͑FTIR͒ spectroscopy or by gas chromatography ͓4͔. These measurements have typically utilized extractive sampling and are consequently slow and intrusive. Tkach et al. ͓5͔ recently demonstrated in situ FTIR measurements in liquid fueled direct methanol fuel cells, but to our knowledge, there have been no reported in situ, non-intrusive measurements of gas species concentrations in an operating PEM fuel cell. Motivated by these observations and the need for water vapor sensors, the present investigation addresses the important issue of in situ measurement of water vapor partial pressure across individual channels of a PEM fuel cell using absorption spectroscopy. The measurement system is incorporated directly into the fuel cell's bipolar plate by fiber optic coupling to a diode laser system. These measurements will be valuable in fuel cell development and optimization efforts as well as the validation and testing of computational models for fuel cell chemistry and transport. This technique can also be extended to measurements of temperature, carbon monoxide, and carbon dioxide concentrations by judicious selection of the laser wavelengths, which would be beneficial for diagnosing fuel cell systems operating with hydrocarbon reformed gas streams. In the following sections, the experimental approach taken for water vapor concentration measurements is first de-scribed. Results on the application of the measurement technique to a laboratory scale PEM fuel cell are subsequently presented.
Experimental Approach
Tunable diode laser absorption spectroscopy was used to measure water vapor partial pressure. Inexpensive diode lasers are currently available in the near infrared regions of the electromagnetic spectrum as a result of mass production for the telecommunications industry. In our experiment, the laser is collimated and passed through a gas sample containing water vapor. By tuning the laser to a rovibrational resonance of water, some of the laser radiation is absorbed. Initial efforts were focused on measurements in a calibration test cell and development of a methodology to extract the water vapor partial pressure from the measured absorption parameters for the range of conditions relevant to a PEM fuel cell.
The calibration setup is shown in Fig. 2 . The fiber pig-tailed output of a distributed feedback ͑DFB͒ diode laser ͑NEL # NLK1456STB͒ at a wavelength of 1491 nm in the near-IR range was split using a 2 ϫ 2 fiber splitter. One leg of the splitter was directly coupled to a photodiode as a reference measurement of the laser power without water absorption ͑I 0 ͒. The output from the other leg was collimated using a lens and passed through the calibration cell. The cell consisted of a 11-cm-long, 1.25-cm-diam copper tube fitted on the ends with glass windows. The laser output was captured using an identical photodiode as for the reference channel and the attenuated laser power with absorption ͑I͒ was measured. The test cell was fed with heated moist air with independent control on both the water vapor partial pressure and the temperature. The partial pressure was controlled by slowly bubbling the air stream through a heated water bath such that the air was saturated at the exit. The saturated air was then further heated before entering the cell. By controlling the water bath and air heater temperatures, dry to fully saturated conditions could be achieved for temperatures in the range of interest for PEM fuel cells in the range of 60 to 85°C. The pressure in the cell could also be varied, although all measurements reported here focus on atmospheric pressure fuel cell operation, so all calibration experiments were performed at 1 atm.
The absorption of the laser beam passing through the gas sample is related to the partial pressure, P s ͑atm͒, of the absorbing species by Beer's law ͓6͔
where ͑atm −1 cm −1 ͒ is the wavelength and temperature dependent absorption coefficient. The integration is performed over the path length L of the gas sample, which is the 11 cm length of the test cell. The absorption coefficient displays strong peaks as a function of wavelength due to the discrete rotational and vibrational energy transitions of molecular species. The HITRAN ͑high-resolution transmission molecular absorption͒ database ͓7͔ was used to predict the location and strength of water transitions. For each transition, the absorption is not limited to a single dis- 
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Transactions of the ASME crete laser wavelength but is broadened due to motions of the molecule ͑the Doppler effect͒ and collisions between molecules. Numerical integration was used to account for spectral line broadening that occurs due to both Doppler broadening, which has a Gaussian line shape, and collisional broadening, which has a Lorentzian line shape. A Voigt function, which is the convolution of Gaussian and Lorentzian functions, was used to simulate the wavelength-dependent transmission of light through the water vapor. The HITRAN database has been experimentally verified for water vapor up to 1000 K, providing the line strengths and Voigt profile widths for each spectral transition. The absorption coefficient is also temperature dependent since the distribution of water molecules among its various energy levels depends on temperature, and since the Voigt width of each transition depends on temperature. If the temperature and partial pressure are uniform across the path length of the measurement, then the path-averaged partial pressure of water vapor can be obtained from an absorption measurement as
However, since is wavelength dependent, the variation of the absorption coefficients must be accounted for by measurements at multiple wavelengths and by comparisons with spectral simulations of absorption. A simulated spectrum for water vapor absorption at 60°C and P s = 0.19 atm is shown in Fig. 3 The DFB laser used has a spectral bandwidth that is much narrower than the molecular transitions shown in Fig. 3 . The laser's wavelength depends on both the temperature and the current used to drive the diode laser. The NEL laser includes an integrated thermoelectric cooler that was powered using a Thorlabs TEC2000 temperature controller to allow coarse tuning of the laser wavelength over the full range shown in Fig. 3 . A Thorlabs LDC5000 current controller was also used for more rapid variations of wavelength by altering the current injection into the diode laser. The laser current was modulated with a 500 Hz ramp function generated with the data acquisition computer as shown schematically in Fig. 2 . This ramp modulation alters the power as well as the wavelength of the laser emission. The laser wavelength can be varied over 0.4 nm and scanned through either of the large water absorption features shown in Fig. 3 . The reference photodiode directly monitors the laser power prior to entering the test cell or fuel cell to account for its variation with injection current. The peak laser absorption was typically around 3% for the conditions examined. Thus, the water absorption features appear as small depressions in the measured laser intensity emerging from the test cell as schematically depicted in Fig. 2 . By taking the ratio of the laser intensity before and after the test cell ͑I / I 0 ͒, the relative absorption is determined as a function of time.
The laser wavelength was first qualitatively calibrated with a ring interferometer system, which permitted conversion of ramp signal from time to laser wavelength. The absolute wavelength was calibrated with the aid of an optical spectrum analyzer. Experiments utilized a data acquisition system consisting of a computer equipped with a National Instruments Model PCI-MIO-16E-4 data acquisition board. Data were acquired at rate of 500 kHz collecting 1000 samples for each scan resulting in a total scan time of 2 ms. Typically 200 scans were averaged to obtain absorption data, which were then processed to determine the water vapor partial pressure. This gives a time resolution of 0.4 s for each measurement. Since the direct absorption of the diode laser beam was about 3%, a background measurement accounting for transmission variations with wavelength is essential for measuring the absorption profiles accurately.
After completing calibration measurements, the test cell was replaced with a laboratory scale optically accessible operating fuel cell shown in Fig. 4͑a͒ . The bipolar plate, shown in Fig. 4͑b͒ was designed and constructed for a PEM fuel cell. The geometry was modified to include optical access along selected flow channels. Glass windows ͑1.4 mm in diameter͒ were attached at the ends of the channel through which the laser beam was passed. The same plate design was used for both anode and cathode. The effective flow path is 7 cm in each channel with a square area of 2.25 mm 2 . Humidified hydrogen and air were provided to the two sides of the fuel cell, and an external load box with controlled resistance was used to vary the fuel cell power. The temperature of the fuel cell system was also controlled by heating pads placed on the outer surface of the stack. Figure 5 shows a sample measurement from the reference and signal photodiodes when providing a ramp current input to the laser. The two signals do not have the same absolute magnitude since the nominal transmission through the fuel cell system is very low ͑ϳ1%͒ due to the small channel dimensions. The glass windows used as seals for the flow channel could be optimized to improve the collimation of light through the cell and increase the nominal transmission, but this was not necessary for the measurements reported here. Separate amplification of the two photodiodes was used to permit sampling with the same data acquisition system. Nevertheless, small dips in the signal photodiode are apparent due to absorption. Figure 6 shows the ratio of the two photodiode signals ͑I / I 0 ͒, which is a superposition of absorption from several water transitions and from a background that arises from a wavelength dependence on the nominal cell transmission. The presence of large absorption features are much clearer here; however, small non-linearities in the photodiode response and small etalon effects in the fuel cell produce the non-constant background. In order to extract useful information from the absorption measurements, each transition needs to be identified separately. A fitting algorithm was used to determine the contributions to the signal from the four water transitions in the vicinity of 1491 nm and from the background. An example of this curve fitting and the separated contributions of the transitions are also shown in Fig. 6 .
Data Curve Fitting.
Collisional broadening of the water transitions increases with density. Since the operating pressure range for PEM fuel cells is between 1 and 2 atm, collisional broadening is found to be dominant over Doppler broadening, which is independent of pressure. Thus, the Voigt transition profiles that represent both Doppler and collisional broadening effects can be represented by simpler Lorentzian profiles. A nonlinear iterative curve fitting on the experimental data was performed using four Lorentzian profiles with halfwidth and line intensity as the fitting parameters and a second order polynomial for the nonlinear background. The fitting algorithm therefore nominally requires 11 parameters. The Lorentzian line shape is given by
where o is the central wavelength of each transition, and ⌫ is the transition width. A Levenberg-Marquardt nonlinear fit algorithm ͓8,9͔ is used to perform the curve fit. The algorithm determines the set of coefficients that minimize 2 defined as
where y i are the individual data points with uncertainty i and f͑͒ is the fitting function dependent on the Lorentzian profile and background parameters. The optimum values of transition widths determined by the fitting algorithm were found to depend on the initial guess for the polynomial background. Therefore, the three background coefficients were incremented in small steps over 500 iterations and for each of these iterations the best-fit coefficients for the Lorentzian profiles were generated. The absolute minimum value of 2 was used to judge the best fit.
Calibration Experiments.
Absorption measurements in the calibration test cell were conducted over a range of temperature and humidity levels spanning the expected conditions in a PEM fuel cell. Figure 7 shows the absorption coefficients at two different water partial pressures and at a fixed temperature of 80°C from both measurements and the HITRAN simulation. These absorption coefficients represent the same information as in Fig. 6 , except that the background has been subtracted from the absorption profile shapes. Although some quantitative differences are apparent in the line strengths, the variation of profile shape and width with changes in the water partial pressure are similar for the measurements and the HITRAN simulation. Based on these similarities, simplifications to the fitting procedure were developed using observations from the HITRAN database. In par- and the total collisional halfwidth, ⌫, is computed as
͑6͒
The temperature dependence is small amounting to only ±2.5% over the 60-85°C temperature operating range. Hence, this variation is neglected in the subsequent analysis. The total broadening halfwidth then varies linearly with the partial pressure of water vapor. Using this observation, partial pressure can be predicted accurately if the halfwidth of the absorption profile can be determined from the curve-fitting algorithm. Since the halfwidth of the two strong transition lines are the same, only one halfwidth parameter ⌫ 1 was used for each of these two profiles. A second halfwidth parameter ⌫ 2 was used to represent the two weaker transition lines. It was further found that the intensity of the two strongest lines are approximately given by I 1 = 2.5I 2 . Utilizing these simplifications, a modified fitting algorithm utilized only five parameters for the four Lorentzian profiles ͑two halfwidths, three intensities͒. The center locations of the four transition lines were fixed to coincide with the HITRAN database as verified by our earlier calibration experiments. A typical fit is shown in Fig. 6 , from which ⌫ 1 is retrieved based on the best-fit coefficients. For each measured value of ⌫ 1 from the strong transitions, the partial pressure can be determined using Eq. ͑6͒. The halfwidth of weaker transitions, ⌫ 2 , is not used in the partial pressure analysis. Figure 8 shows the variation of water vapor pressure versus the halfwidth determined experimentally from the calibration test cell measurements. The slope of the partial pressure variation with halfwidth is within 2% of that based on Eq. ͑6͒, verifying the simplifications introduced in the fitting algorithm. The scatter of the data is about 10% about the calibration trend line, which is the resulting accuracy of this method for determining P s .
PEM Fuel Cell Measurements.
Using this approach the system was next used to measure the water vapor partial pressure in an operating fuel cell. The measurements were carried out in air, i.e., the cathode side of the fuel cell. The operating temperature of the fuel cell was varied over the range from 60 to 80°C. The relative humidity of the air and H 2 entering the cathode and anode sides of the fuel cell was also varied from 40 to 90%. The external load was varied as a step function so that each load setting corresponds to a particular value of the current density drawn from the cell. Spectroscopic measurements were carried out at each value of the load. The measurement system was used to measure the water vapor concentration in an operating fuel cell based on the water transition widths and the calibration curve of Fig. 8 .
Figures 9 and 10 show the partial pressure variation determined at each point of the polarization curve using the method described in the previous sections. Measurements were taken for several combinations of fuel cell temperature and inlet humidification. In Fig. 9 , data correspond to inlet water partial pressures of P s = 0.07 atm for a cell temperature of 60°C. Figure 10 shows two data sets obtained at P s = 0.19 atm ͑a͒ and 0.26 atm ͑b͒ for a cell temperature of 80°C. As the fuel cell load increases, the current and therefore the proton flow also increase. This increased current produces more water at the cathode side and also increases the electro-osmotic drag resulting in the increased water partial pressure observed. All the experimental data collected show a near linear increase in partial pressure with current density, as demonstrated in other reported work ͓10͔. The slope of the linear trend increases with inlet relative humidity. For an inlet partial pressure of 0.26 atm at 80°C the water partial pressure slope is 0.18 atm· cm 2 / A, but for an inlet partial pressure of 0.19 atm the slope is 0.09 atm· cm 2 / A. This is expected as with increase of inlet relative humidity the performance of the cell improves as observed in the polarization curves ͓2͔. The water partial pressure slope also increases with temperature as seen in Figs. 9 and 10. For the same inlet relative humidity, the 80°C measurements show a doubling of water content of 60°C.
The diagnostic technique works for high current densities if the inlet relative humidity is less than about 80%. However, with further increases in water concentration, formation of liquid water blocks the laser light through the gas channels leading to loss of signal. For a narrow range of conditions, the presence of liquid water only partially blocks the laser transmission and water absorption signals are still apparent although significantly distorted by noise. Figure 11 demonstrates the distorted signal that is obtained for an inlet relative humidity of 93% due to the partial flooding of the cell. At even higher saturation conditions, the signal is completely lost and no absorption measurements can be obtained. Nevertheless, this technique appears to be useful over a broad range of conditions relevant to fuel cell operation.
Extension to Temperature Measurements.
Our study with the present laser source shows that the variation of intensity and halfwidth for the strong water transitions near 1491 nm is only 2.2% over the range of temperatures occurring in PEM cells. Thus, we cannot currently resolve changes in temperature from these measurements. The water spectrum from 1400 to 1650 nm was evaluated for transitions that may be suitable candidates for temperature determination. It was found with the current measurements that absorption coefficients that are greater than 0.0035 ͑cm −1 atm −1 ͒ can be detected with direct absorption spectroscopy quite accurately. A strong candidate transition near 1470 nm provides a 20% change in predicted absorption with only a 20°C change in temperature. Future work will attempt to combine measurements at this wavelength using a second laser source with the present laser source for simultaneous water concentration and temperature measurements.
Conclusions
An in situ water vapor measurement system was developed and demonstrated for a proton exchange membrane fuel cell. Diode laser based absorption spectroscopy was utilized to measure water vapor partial pressure in a modified bipolar plate of a PEM fuel cell. Although transmission of laser light through the narrow gas channels is of the order of one percent, the transmitted signals are sufficient to obtain clean absorption spectra for water vapor. Water vapor partial pressure measurements showed an accuracy of 10% based on calibration experiments in a controlled test cell. This may be further improved by optimization of the measurement technique using frequency modulation spectroscopy. Initial measurements in an operating fuel cell demonstrated the capability of the measurement system to capture variations in the water vapor partial pressure following changes in the cell operating current. Future work will focus on obtaining both water partial pressure and temperature simultaneously and making measurements along different gas flow channels simultaneously using multiplexed fiber coupled laser sources and detectors.
